This document is made available in accordance with publisher policies. Please cite only the published version using the reference above. Abstract: A series of novel 4,7-dicarbazol-1,10-phenanthroline bidentate N-ligands have been designed and synthesized, and applied in heteroleptic copper complexes [Cu(P^P)(N^N)] + as photosensitizers (PS) for light-driven water reduction. In combination with a water reduction catalyst (WRC), Fe3CO12, photocatalytic performances up to 1036 turnover numbers (TON) were reached. This excellent performance can be attributed to the introduction of carbazole groups to the phenanthroline backbone, which can increase the quantum yield, decrease the reduction potential of the copper complexes and switch the excited state quenching mechanism from reductive to oxidative. By means of DFT calculations, it has been established that the carbazole substituent contributes most significantly to the HOMO of these complexes.
Introduction
Limited fossil fuel reserves and excessive CO2 emissions require an urgent demand for renewable and clean power sources. 1-2 Hydrogen (H2)
gas is an environmentally clean, carbon-free and renewable fuel, and is considered an ideal candidate for an economically and socially sustainable future. Decomposition of water directly by solar energy translates solar energy into chemical energy, and is a goal at the frontier of solar energy utilization. 3 Typical photocatalytic systems for proton reduction consist of three components: a photosensitizer (PS) catalyst to absorb the energy of light, a water reduction catalyst (WRC) and a sacrificial electron donor (SR). The efficient conversion of light by the photosensitizer with a stable, inexpensive and non-toxic catalyst is fundamental to the success of such a strategy, but is currently the key restriction in the efficiency of solar energy utilization. In recent years, most efforts in this area have involved the use of noble-metal-based PS and WRC. 4 To date, the most widely used photosensitizers [5] [6] are those based on second or third row transition metals, such as Ru . However, these metals are of high cost and low natural abundance, generating expensive, large scale production costs. [11] [12] [13] One potential and viable solution is to use cheaper and more abundant first-row transition metals. Toward this end, photosensitizers based on Cu(I) have attracted great attention, as copper is a metal of low toxicity and has been successfully tested in typical photocatalytic systems.
14-15
The carbazole moiety has been used in organic dyes featuring thermally activated delayed fluorescence (TADF) in recent years, [16] [17] because of the electron-rich, rigid, nitrogen-containing fused rings. In addition, carbazole contains a large π-conjugated structure and possesses an excellent ability for electron transfer within a molecule. [18] [19] In our previous works, we have reported a series of Cu(I) compounds decorated with no heterocyclic ring substituents. 20 Due to the high photoluminescence and electroluminescence efficiencies of carbazole, we were interested to investigate the efficiency of carbazole-substituted dyes as photosensitizers for water reduction.
In this report, we apply a class of carbazole-substituted phenanthrolines as bidentate N-ligands to copper and use these photosensitizers for solar energy driven water splitting. Their photophysical properties and electroluminescence behaviors are studied in detail and compared experimentally and theoretically.
Results and discussion

Synthesis and structure
The synthesis of three carbazole-containing ligands (L1, L2 and L3) was achieved according to Scheme 1. The 4,7-dichloro-1,10-phenanthroline was synthesized according to a procedure described in the literature. 21 A nucleophilic aromatic substitution reaction was used to couple the phenanthroline precursor with the carbazole, followed by a nucleophilic addition of lithium alkylide. [22] [23] All the metal complexes were prepared by an in-situ synthetic method, reacting Cu(CH3CN)4PF6, Xantphos with the appropriate N-ligand (CuPS1, CuPS2 or CuPS3;
Scheme 1).
Scheme 1.
Photophysical properties
UV/vis absorption and photoluminescence (PL) spectra of CuPS1, CuPS2, CuPS3 in THF are shown in Figure 1 and summarized in Table 1 .
All complexes displayed a strong absorption in the visible region with a typical absorption band around 390 nm. The low-energy absorption bands from 390 nm extending to the visible region are mainly dominated by intraligand charge transfer (ILCT) transitions as reported for other Cu(I) compounds. 24 Due to the deactivation of the ILCT excited states, all of these compounds show strong room-temperature photoluminescence. The emission spectra of the photosensitizers are also shown in Fig. 1 . All of these complexes peak at around 545 nm.
Compared to other complexes of the type [Cu(N^N)(P^P)]
+ with other N-ligands, such as bathocuproine (BCP), these complexes show the highest molar absorption coefficient (ɛ) and quantum yields (Fabs), but lower lifetimes (τ) due to the introduction of two fluorescence donors (carbazole and Xantphos). Moreover, compared to photosensitzer CuPS1 (R2 = Me), CuPS2 and CuPS3 (R2 = i-Pr) exhibit a further blueshift in a THF solution, confirming the effectiveness with which the Jahn-Teller (flattening) distortion of the initially populated Franck-Condon excited state is hindered. 25 Thus, this clearly demonstrates the existence of higher fluorescence quantum yields and longer excitation lifetimes, which may improve the activity of copper complexes for water reduction. In order to evaluate the differences in the chemical and physical properties of a variety of copper complexes with these novel bidentate Nligands, Density Functional Theory (DFT) and Time-Dependent DFT (TD-DFT) calculations (see Figure 2 and Table S2 -S4) were undertaken (simplified P-ligands replaced Xantphos to reduce complexity). This system based on the optimized geometries at the B3LYP/LANL2DZ and the polarizable continuum model (PCM) levels of theory. For all of these photosensitizers, the electron density of the HOMO was found to be mainly distributed over the carbazole moiety, whereas the LUMO has main contributions from the phenanthroline moiety. 
Electrochemical studies
To further understand the properties of complexes CuPS1, CuPS2, and CuPS3, cyclic and differential pulse voltammetry were undertaken in acetonitrile ( Figure 3 and Table S1 ). Each of these complexes exhibit reversible single-electron couples. Their reduction potential values and electrochemical behavior are both similar to previously reported studies of related [Cu(N^N)2] + complexes. 25 The reversible redox wave at -0.93 V should be associated with a reduction of the phenanthroline ligand, which appears at a more negative potential than the reduction peak of the WRC. As compared to complexes with bathocuproine ligands, i.e., without the carbazole moiety, this reversible redox couple is about 1 V less negative. 
Photocatalytic hydrogen production
We initiated our investigation into the water splitting reduction reaction by establishing the volume of gas generated in the absence of catalyst (Table S5) , which was found to be negligible. According to the conditions in our recent communication, 26 These conditions ensured an excess of sacrificial electron donor and water were present at any time during the reaction. All experiments were repeated at least twice.
The water-reduction catalyst dependence of the water reduction activity was first evaluated with photosensitizer CuPS2, (Figure 4 ). Similar to our previous work, 31 
a higher WRC / PS ratio promotes reaction between Fe3(CO)12
and Xantphos, in which the concentration of active [Cu(N^N)(P^P)] + is decreased. However, when 0.1 mM Fe3(CO)12 was added, the TON decreased to 523, which may be due to the low concentration of catalyst, thus leading to a decrease in the stability of the photocatalytic system. In the end, 0.25 mM was selected as the best concentration of Fe3(CO)12. Under these conditions, the rate of hydrogen evolution ceased after 24 h, but the addition of more PS reestablished water reduction ( Figure S19 ), clearly demonstrating that the decay of PS leads to a decline of gas evolution. To establish what fraction of incident photons leads to gas evolution, the incident photon to hydrogen efficiency (IPE) was measured ( Figure S20 and Table S6) , and determined as a maximum of 2.95% at 450 nm and 400 nm. We performed Stern-Volmer quenching studies in order to establish the quenching mode of the excited state of the PS ( Figure S21 ). The initial step of the photocatalytic cycle could either be a reductive quenching of the excited state of CuPS quenched by an electron transfer from TEA, or an oxidative quenching by the catalyst Fe3(CO)12. We found in fact that the PS was quenched by Fe3(CO)12 with a rate constant (kq) of 1.34 × 10 10 M −1 s −1 (Figure 5a ). With an increasing concentration of TEA, the luminescence ratio of CuPS2 was totally unaffected (Figure 5b ). This remarkable finding is in direct contrast to that observed in our previous work without carbazole-containing ligands, 20, 32 where TEA, rather than Fe3(CO)12, quenched the excited state. Thus, the carbazole moieties are inducing a switch in the mechanism from reductive to oxidative quenching.
Figure 5.
Cu complexes bearing Xantphos and these novel N-ligands have resulted in significant hydrogen production ( Table 3 , entries 1-3). The highest activity was obtained when N ligand L2 was used and 44.4 mL of hydrogen was produced during 24 hours, which correlates to a TON for CuPS2 of up to 1036 (Table 3 , entry 2). So far, CuPSs containing carbazole groups at the 4,7-positions have been found to be active in the photocatalytic proton reduction. In the ground state, the heteroleptic copper complex (CuPS) exhibits a distorted tetrahedral structure, but after photoexcitation, the structure is transferred to a triplet excited state. [33] [34] [35] Due to the HOMO being located on the carbazole moiety, it is helpful to prevent the transition to square planar geometry. It can be noted that this configuration is likely to promote a more stable photocatalytic H2 production system, suggesting superior performances as a PS. Table 3 .
Conclusions
In summary, we have shown that heteroleptic Cu-based photosensitizer (PS) containing dicarbazole-phenanthroline ligands can be applied to photocatalytic proton reduction using Fe3CO12 as a water reduction catalyst. The in situ generated cationic Cu complexes display turnover numbers (TON) up to 1036, showing highly effective sensitizers for visible-light-driven hydrogen generation. The absorption spectra, luminescence properties and redox behavior of the metal complexes have been studied and exhibit the typical MLCT emissions of Cu(I) complexes. Notably, thanks to long lifetimes of the excited states, high stability towards atmospheric conditions and a switch in quenching mechanism, these novel complexes display an excellent ability to generate hydrogen from water. The results of this study will be important for the design and development of new efficient cuprous complexes that can be used in photosensitizers for water splitting.
Scheme Caption. [a] The quantum yield was measured at an optical density of about 0.1 (error: about 10%).
Table2.
Results for the photocatalytic hydrogen evolution using CuPS2 in the presence of TEA as SR. Screening of WRC. [a] Entry [a] WRC Time(h) Vol.H2(mL) TONH [b] 
